The 1,3-dipolar cycloaddition of azomethine ylides to fullerene C 60 was utilized to perform the synthesis of spiropyran-containing photochromic pyrrolidinofullerenes. It was found that photochromism is observed only for the hybrid compound containing an NO 2 group in the pyran moiety, whereas the pyrrolidinofullerenes with Cl or F atoms in the spiropyran moiety do not possess photochromism.
Introduction
Synthesis of novel organic and organometallic photochromic molecules that undergo reversible photoisomerization is one of the major areas of focus in modern chemistry. Huge interest in such photochromic compounds is driven by the possibility of development of memory elements, 1 optoelectronic devices, 2 sensors 3 etc. based on them. Among the most popular and extensively studied photochromic molecules are diarylethenes, spiropyrans and spirooxazines, fulgides, as well as azobenzene. The isomeric forms of these compounds differ substantially in their physical and optical properties, 4 which led to the appearance of a great number of investigations concerning their applications as dynamic materials. 5 Of specic importance in this research area are studies devoted to the creation of nanomaterials with controlled properties, in particular, light sensitizing of carbon nanomolecules: fullerenes, nanotubes, and graphene. 6 Investigations of covalent and molecular binding of such carbon clusters to dithienylethenes, 7 spirooxazines 8 and azobenzene
9
have been reported, which made it possible to obtain conceptually new materials for various elds of science and technology.
One possible way to use such hybrid materials is design of various sensors. These devices employ the modication of the electronic properties of hybrid molecule. It was earlier shown, 8a for example, that spiropyran attached to fullerene C 60 via covalent binding can exhibit allochroic properties in polar solvents and in acid or alkali media as well. In the present paper, we demonstrate that the electronic characteristics of hybrid molecules based on [60]fullerene and spiropyrane can also be tailored by light.
Considering the foregoing and also aiming to extend the class of photochromic carbon clusters and to study the inu-ence of the fullerene cage and the photochromic moiety on the electronic properties and stability of the new hybrid molecule, we performed covalent binding of C 60 to spiropyrans.
Result and discussion
The well known reaction of fullerene C 60 with in situ generated azomethine ylides (Prato reaction), 10 which makes it possible to obtain pyrrolidinofullerenes in preparative yields, was used as the basis for the development method.
The experiments showed that the reaction between fullerene C 60 and spiropyran 1, which contains an aldehyde and a nitro group in the molecule, in the presence of sarcosine leads to the formation of fulleropyrrolidine 4 in $60% yield (Scheme 1). Hybrid compounds 5 and 6 were obtained in a similar way.
Compounds 4-6 were isolated from the reaction mixture by column chromatography (SiO 2 ). Elution with toluene recovered the unreacted C 60 , and aer that, the use of pyridine as the eluent afforded the target adducts 4-6 with $100% purity. The structures of pure fulleropyrrolidines 4-6 were reliably determined by one-( 1 H and 13 C) and two-dimensional (H-H COSY, HSQC, and HMBC) NMR spectroscopy and MALDI TOF/TOF mass spectrometry. The pyrrolidine moiety of hybrid molecules 4-6 is responsible for 13 (Fig. 1) . Therefore, the 13 C NMR spectrum of spiro-oxazine derivative 4 exhibits 48 signals of the sp 2 -hybridized carbon atoms of the fullerene cage, indicating the C 1 point group of symmetry for this molecule. This signal splitting is likely to be caused by the effect of the chiral carbon atom of the pyrrolidine ring, which was observed in our previous studies for fullerene derivatives containing chiral centers in the attached moieties.
11 No inuence of the second chiral carbon atom involved into the spiropyran moiety was revealed because it locates by seven chemical bonds away from the fullerene core.
12 According to quantum chemical calculations by the GIAO method at the X3LYP/6-31G level of theory, 13 14 Simultaneously, the degree of inuence of the chiral carbon atom located in the pyrrolidine ring of the attached moiety can be estimated from the diastereotopic splitting of the signals of carbon atoms located symmetrically relative to each other in the fullerene cage. This can be done by comparing the 13 C NMR spectrum of spirooxazine adduct 4 with that of 2,5-unsubstituted pyrrolidinofullerene, which corresponds to the C 2V point group of symmetry ( Fig. 1 and 2) .
The (Fig. 2) .
The structures of the synthesized fulleropyrrolidines 4-6 were also determined with good reliability with MALDI TOF/ TOF mass spectrometry, the spectra being characterized by intensive [M À 3H] molecular ion peaks with m/z 1096.1, 1085.1, and 1069.1 respectively.
The results of the studies of photochromic properties for compounds 4-6 are summarized in Table 1 (see ESI †). Fig. 3 (inset) shows the photoinduced spectral changes of the initial NO 2 -containing spiropyran 1 in toluene. It can be seen that the absorption spectrum of the photoinduced merocyanine form has two absorption maxima in the visible region at 580 and 620 nm. During the dark relaxation process, the intensity of photoinduced absorption bands gradually decreases. Similar photoinduced spectral changes are also observed for the hybrid compound 4 in toluene. In this case, the long-wavelength absorption maximum was more clear-cut and located at 610 nm.
The decline in the amplitude of variation of the absorption band intensity of the photoinduced merocyanine form of spiropyran in hybrid 4 also indicates that this compound is subject to photochromic transformations accompanied by a gradual photodegradation (Fig. 4) . It should also be noted that no special study to establish inuence of molecular oxygen on fatigue resistance and photodegradation of the photochromic compound 4 was carried out, so that it will be a purpose of the future works.
It can be concluded from comparison of the curves presented in Fig. 3 that there are no signicant spectral distinctions between the nitro-substituted spiropyran 1 and its hybrid compound with fullerene 4, which is presumably indicative of weak interaction between the spiropyran and fullerene moieties. There is a difference in the light-sensitivity, which is determined by DOD phot B /OD max A ratio (Table 1 , ESI †). This ratio represents the photoinduced change in the optical density at the absorption maximum of the merocyanine form normalized to the maximum intensity of the absorption band of the initial spiran form, which absorbs the activating radiation. The lightsensitivity of hybrid compound 4 is lower in both toluene and chloroform compared to the initial spiropyran 1 (Table 1, ESI †) . Substantial difference in the photodegradation of these compounds is observed (Fig. 5) . Pyrrolidinofullerene 4 was found to be more resistant to irreversible phototransformations. The photodegradation of compound 4 decreases going from a toluene to a chloroform solution. The decrease in the light-sensitivity and enhancement of the photodegradation resistance of compound 4 can be attributed to the reabsorption of the activating radiation by the fullerene moiety, which is located in the absorption area of the photochromic fragment.
The inuence of the fullerene moiety in the hybrid photochromic compound 4 is manifested as a decrease in the rate of spontaneous dark bleaching of the merocyanine form in both toluene and chloroform (Table 1 , ESI †). This may serve as evidence for covalent bonding between the spiropyran molecule and the fullerene moiety.
Photochromic transformations of the initial spiropyran 1 and pyrrolidinofullerene 4 were also found for amorphous lms (Fig. 4 , Table 1 in ESI †).
Unfortunately, unlike photochromic compounds 2 and 3 pyrrolidinofullerenes 5 and 6 do not exhibit photochromic transformations upon either constant or pulsed photoexcitation. This is not related to quick spontaneous dark relaxation of the photoinduced form, because compound 4 is characterized by lower bleaching rate compared to the initial photochromic compound 1. Reabsorption of the activating light by the fullerene moiety may serve as a possible explanation, as in pyrrolidinofullerenes 5 and 6, the absorption bands of the spiran forms of the initial compounds 2 and 3 effectively overlap with the fullerene absorption spectrum (see ESI †). In the case of the initial spiropyran 1, only partial overlap of the spectra is Fig. 3 Absorption spectra of pyrrolidinofullerene 4 in toluene before (1), after UV irradiation during 30 s through a UFS-1 optical filter in the photoequilibrium state (2) , and subsequent dark bleaching (3, 4, 5) . The absorption spectra of the initial spiropyran 1 before (1) and after UV irradiation through a UFS-1 optical filter in the photoequilibrium state (2) and subsequent dark bleaching (3, 4) are presented in the inset. Fig. 4 Kinetics of coloration through a UFS-1 optical filter and subsequent bleaching in the dark for pyrrolidinofullerene 4 dissolved in toluene measured at 610 nm. The measurements were performed in an aerated solution. observed for pyrrolidinofullerene 4, making it possible to witness photochromic transformations of the hybrid molecule 4. Another possible explanation for decreasing light-sensitivity of compound 4 and the lack of photochromism of pyrrolidinofullerenes 5 and 6 is the photo-induced electron transfer from the photochromic fragment to electron accepter fullerene moiety.
Conclusions
Thus, we accomplished for the rst time the covalent binding of photochromic spiropyrans to fullerene C 60 and thus obtained novel hybrid molecules, characterized by photochromism and substantial resistance to irreversible phototransformations, unlike the initial substrates. This opens up prospects for the application of such hybrid molecules in organic eld effect transistors, solar energy converters, and memory elements.
